Influence of local fullerene orientation on the electronic properties of A3C60 

compounds 



o 
o 

(N 
Or 

On 
(N 

O 

o 
Or 



G 

o 

(N 
> 

in 

00 
o 
\o 
o 

-I— > 



I 

c 

o 
o 



X 



Peter Matus, 1 ' 2 '* Henri Alloul, 1 Gyorgy Kriza, 2 Veronique Brouet, 3 
Philip M. Singer, 3 '''' Slaven Garaj, 4 '* and Laszlo Forro 4 

1 Laboratoire de Physique des Solides, UMR 8052, 
Universite Paris-Sud, Batiment 510, 91405 Orsay cedex, France 
2 Research Institute for Solid State Physics and Optics of the Hungarian 
Academy of Sciences, P.O.B. 49, H-1525 Budapest, Hungary 
Laboratoire de Physique des Solides, UMR 8052, 
Universite Paris-Sud, Batiment 510, 91405 Orsay cedex, France 
^Laboratoire de Nanostructures et Nouveaux Materiaux Electroniques, Institute of Physics of Complex Matter, 
School of Basic Sciences at the Ecole Polytechnique Federale de Lausanne, 1015 Lausanne, Switzerland 

(Dated: February 6, 2008) 

We have investigated sodium containing fullerene superconductors Na2AC6o, A = Cs, Rb, and K, 
by 23 Na nuclear magnetic resonance (NMR) spectroscopy at 7.5 T in the temperature range of 10 
to 400 K. Despite the structural differences from the RbaCeo class of fullerene superconductors, in 
these compounds the NMR line of the tetrahedrally coordinated alkali nuclei also splits into two lines 
(T and T') at low temperature. In Na2CsC6o the splitting occurs at 170 K; in the quenched cubic 
phase of Na2RbCgo and Na2KC6o we observe split lines at 80 K. By detailed investigations of the 
spectrum, spin-spin and spin-lattice relaxations as well as spin-echo double resonance (SEDOR) in 
Na2CsCeo we show that these two different tetrahedral sites are mixed on a microscopic scale. The 
T and T' sites differ in the orientation of first-neighbor Ceo molecules. We present evidence that the 
orientations of neighboring molecules are uncorrelated. Thermally activated molecular reorientations 
cause an exchange between the T and T' sites and motional narrowing at high temperature. We 
infer the same activation energy, 3300 K, in the temperature range 125 to 300 K. The spin-lattice 
relaxation rate is the same for T and T' down to 125 K but different below. Both the spin- 
lattice relaxation rate and Knight shift are strongly temperature dependent in the whole range 
investigated. We interpret this temperature variation by the effect of phonon excitations involving 
the rigid librational motion of the Ceo molecules. By extending the understanding of the structure 
and molecular dynamics of Ceo superconductors, these results may help in clarifying the effects of 
the structure on the superconducting properties. 

PACS numbers: 61.48.+c,76.60.-k,74.70.Kn 



I. INTRODUCTION 

Buckminsterfullerenes intercalated with alkali atoms 
represent, with no doubts, the most investigated class of 
Ceo materials. The main source of interest is the super- 
conductivity with unusually high critical temperature in 
A3C60 compounds (A stands for an alkali metal). 1-3 The 
charge transfer from alkali atoms to fullerene molecules 
in these systems is virtually complete, 4 and since the 
lowest unoccupied molecular orbital (LUMO) of Ceo is 
triply degenerate, 5 several A n Cgo compounds can be 
synthesized 6 by varying A and n. Many of these are 
strongly correlated metals exhibiting unusual collective 
phenomena besides superconductivity such as transition 
to an insulating Mott-Jahn-Teller state. 7-9 

Similarly to most Cgo crystals, A n C6o compounds are 
plastic crystals at high temperature, i.e. the orientation 
of the Ceo balls, located on a face-centered cubic (fee) lat- 
tice, varies fast in time. 10 The alkali atoms are situated at 
interstices between the Ceo molecules. 6 The relative ori- 
entation and the dynamic variation of the orientations of 
the fullerene molecules play a crucial role in the physical 
properties of alkali fulleride materials. Perhaps the most 
spectacular example is the formation of one-dimensional 



polymeric chains 11 by [2 + 2] cycloadditional solid state 
reaction in certain A ra C6o crystals. The rate limiting fac- 
tor of the reaction is the fraction of the neighboring Cgo 
molecules with relative orientation appropriate for the 
cycloaddition to occur. At low temperatures, where the 
molecular orientations are frozen, a substantial amount 
of orientational disorder is retained. 12,13 

It has been realized early that the orientational or- 
der plays an important and nontrivial role also in the 
electronic and superconducting properties. A remark- 
able example is the different lattice constant dependence 
of the superconducting transition temperature in Fmini 
and Pa3 superconductors with different orientational 
structure. 14 In a brilliant series of experiments Yang et 
al. 15 and Brouet et al. 16,17 have investigated alkali ful- 
leride monolayers deposited on different Ag substrates 
by angle resolved photoemission spectroscopy (ARPES). 
They have found different Cqq orientational structures 
with remarkably different electronic properties depend- 
ing on what Ag crystalline plane the monolayers have 
been deposited on. 

For each Ceo molecule there is one octahedrally coordi- 
nated and two tetrahedrally coordinated voids in the fee 
structure. 12 In the A3C60 binary and A2AC60 ternary 
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compounds (A and A' indicate different alkali metals) all 
these voids are occupied by alkali ions. Several aspects 
of the structure depend on the alkali ionic radii. In the 
A 2 A'C6o case, the larger alkali ions prefer the octahedral 
voids 18 as these are more spacious than the tetrahedral 
voids. The energy associated with the electronic interac- 
tions between the Cqo molecules, as well as between the 
molecules and alkali ions is minimized in an orientation- 
ally ordered structure. 19 At high enough temperatures, 
however, the entropy associated with the rotational free- 
dom of the molecules dominates over these electronic in- 
teractions. Here the orientational correlations are weak, 
the molecules can be described as spheres to good approx- 
imation, and an fee structure with space group Fm3m 
forms. Upon decreasing the temperature, orientational 
order appears in a first order phase transition. In pris- 
tine Ceo this transition occurs at 263 K. 13,20 

If the alkali ion occupying the tetrahedral voids is 
sodium, Na2AC6o, with a radius small enough to fit into 
the tetrahedral voids, the same simple cubic (sc) orien- 
tational structure forms as in pure Can (space group: 
PaS). 21 If, however, the ionic radius is larger than the 
size of the tetrahedral void (A = K, Rb, or Cs), the A3C60 
salts form an fee structure with merohedral disorder in 
the fullerene orientations (space group: Fm3m). 12 One 
can conclude that in the first case interfullcrcne interac- 
tions, in the second case, the fullcrenc-alkali interactions 
will determine the orientational structure. 

In the FmSm fee structure (e.g., Rb 3 C6o) the cubic 
axes are parallel to the twofold axes of the molecule bi- 
secting the C-C double bonds. This is sometimes referred 
to as "standard orientation". 12 The bonds, however, can 
take two different orientations, and these two standard 
orientations are occupied randomly and with equal prob- 
ability in this fee structure (merohedral disorder). 12 In 
either case, alkali ions at tetrahedral voids face the cen- 
ters of carbon hexagons leaving more room for the ions. 
In the Pa3 sc structure (e.g., Na2AC6o) the fullerene 
molecules are rotated away from the standard orientation 
about the [111] axes so that electron-rich double bonds 
face electron-poor regions on neighboring molecules in 
order to reach an energetically favorable state. 20 

One of the oldest unresolved problems related to local 
Ceo orientational order in alkali fullerene salts is the so- 
called T' problem in NMR experiments. In A3C60 com- 
pounds the NMR line of the alkali nuclei in tetrahedrally 
coordinated voids is split into two lines at sufficiently 
low temperature (T-T' splitting). The phenomenon has 
been discovered by Walstedt and coworkers 22 in Rb 3 Ceo 
below 370 K. They have found that the intensity ratios 
of the octahedral (O) and the two tetrahedral (T and 
T') NMR lines are close to O : T : T' = 3 : 6 : 1. In 
addition they have shown by spin-echo double resonance 
(SEDOR) experiments that the T' line originates from a 
tetragonal site slightly different from the site giving rise 
to the T line (hence the notation T'). Since this result 
challenged the basic understanding of the structure of 
A3C60 compounds, it has attracted much interest. 18,23-29 



Later this phenomenon has been demonstrated in the 
whole family of merohedrally disordered A 3 Cgo fullerides 
of fee structure. 18 Moreover, the splitting of the NMR 
line of the octahedral site (O-O' splitting) has also been 
observed 25 by magic angle spinning (MAS). 

In this paper we present a detailed NMR investigation 
of Na2AC6o where A = K, Rb, or Cs. We have established 
the T-T' splitting in all these compounds demonstrating 
that the splitting occurs not only in the fee structure but 
also in the sc structure. To uncover the origin of the 
phenomenon, we have measured several NMR properties 
such as spectrum, spin-lattice and spin-spin relaxation 
time, spin-echo double resonance (SEDOR). We propose 
that the T-T' splitting originates from two distinct orien- 
tational patterns of the neighboring Cgo molecules. The 
frequency of molecular reorientations of the molecules in- 
creases with increasing temperature leading to site ex- 
change and ultimately motional narrowing of the two T 
sites. 

A preliminary encounter of some of these results has 
already been given in two brief conference proceed- 
ings articles. 30,31 In Ref. 30 we present 23 Na spectra of 
Na2CsC6o as well as the T-T' splitting frequency and 
13 C line width. In Ref. 31 we demonstrate the SEDOR 
effect, and display T\ and T 2 data. In the present article 
we insert these results in the context of a broad set of ex- 
periments and provide a unified analysis and discussion 
of all our NMR findings. 



II. EXPERIMENTAL 

The Na2CsC6o, Na 2 RbC6o and Na2KC6o powder sam- 
ples investigated in this study were prepared by conven- 
tional solid state reaction method 21 using commercially 
available high-purity Ceo powder and alkali metals in 
soichiometric proportions. The samples were sealed in 
quartz tubes under He atmosphere. The phase purity 
was confirmed by x-ray diffraction. SQUID susceptibility 
measurements in Na2CsCeo revealed a superconductivity 
transition temperature of 12 K in good agreement with 
earlier findings. 32 

For the NMR measurements 50 to 100 mg powder was 
used in 5 mm diameter quartz tubes placed in a magnetic 
field B = 7.5 T (i/ Na = 84.4 MHz). Data were collected 
by a home-built spectrometer. Spin-lattice and spin-spin 
relaxation measurements have been carried out with sat- 
uration recovery and spin-echo sequences, respectively 
More details of each experiment are given in Section III. 



III. RESULTS 

In Na2AC6o (A = K, Rb, or Cs) salts the sodium ions 
occupy the tetrahedral voids in the structure, 21 whereas 
the other alkali ion of larger size is situated in an octahe- 
dral void. The 23 Na NMR spectra of Na 2 CsC 60 taken at 
various temperatures are displayed in Fig. 1. At around 
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FIG. 1: (color online) 23 Na NMR spectra of Na 2 CsC60 in 
7.5 T magnetic field. The temperatures are indicated on the 
left of the spectra. Shifts are measured from a Nal solution. 
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FIG. 2: 23 Na NMR spectra of Na 2 AC 6 o compounds in 7.5 T 
magnetic field at two temperatures, 400 K (spectra on the 
left) and 80 K (spectra on the right), (a) and (b) Na2CsC6o; 
(c) and (d) Na 2 KC 6 o; (e) and (f) Na 2 RbC 6 o. The dashed 
line in panel (b) is the convolution of the spectrum with a 
Gaussian of width 3 kHz (full width at half maximum). 



300 K one can observe an abrupt change in the NMR 
frequency what we associate with the first order fcc-sc 
phase transition. 33,34 

Another remarkable feature of the spectra shown in 
Fig. 1 is the appearance of a new line below about 170 K. 
We will discuss the properties of this line in details and 
show that this is essentially the same phenomenon as the 
T-T' splitting in merohedrally disordered A3C60 com- 
pounds, therefore, we denote this spectral component by 
T'. The intensity of the T' line increases with decreasing 
temperature reaching a spectral weight of 29 ± 5% in the 
low-temperature limit. 

The T-T' splitting in Pa3 fullerene structures is not re- 
stricted to Na2CsC6o; we have detected the phenomenon 
in Na2RbC6o as well as in Na2KCeo- Both Na2RbCgo 
(Refs. 35,36) and Na2KC6o (Ref. 37) polymerize spon- 
taneously when cooled slowly in the temperature range 
of 250 K to 220 K. Rapid cooling, however, largely sup- 



presses the polymer formation. 35 In order to avoid the 
polymerization and preserve the cubic phase, we have 
adopted the following cooling protocol. The samples have 
been warmed up to 400 K in the NMR probe head, well 
into the fee phase, then immersed into liquid nitrogen. 
The 23 Na NMR spectra of Na 2 RbC 60 and Na 2 KC 60 taken 
at 400 K in the fee phase and 80 K in the quenched sc 
phase are compared in Fig. 2. The spectra of Na2CsCgo 
taken at the same temperatures are also included in the 
figure for comparison. At 80 K the T-T' splitting is ob- 
vious in all the three compounds. A third line at about 
240 ppm is also observed in Na2KCgo at 80 K. Based 
on the 23 Na NMR spectrum of the polymer phase, 37 we 
identify this line as arising from a residual polymer phase 
in our quenched sample. 

Although the line widths of the three Na2 AC@o salts at 
high temperature are identical, at 80 K Na2RbC6o and 
Na2KCeo have larger line widths than Na2CsC6o- The 
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FIG. 3: (color online) Temperature dependence of 23 Na NMR 
line shifts in Na2CsC6o- Squares and circles denote the T and 
T' lines, respectively. The dotted line represents the first 
moments of the spectra and the triangles indicate the line 
positions in the fee phase. The solid lines are fits of Eq. (15). 
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FIG. 4: (color online) SEDOR fractions as a function of the 
fp frequency at 80 K. The continuous line is the NMR spec- 
trum for comparision. During the experiment the f a fre- 
quency is kept constant at T (84.3905 MHz; squares) or T' 
(84.3955 MHz; circles) 



larger line widths may arise from a larger defect concen- 
tration in these compounds. The quenching process may 
increase the defect concentration, although in N^CsCgo 
we do not observe any cooling rate dependence of the 
line width in the cooling rate range of 10 -3 to 10 2 K/s. 
If we apply an additional 3-kHz Gaussian broadening to 
the 80-K spectrum of Na 2 CsC6o [see the dashed line in 
Fig. 2(b)] to mimic the larger line widths of the other 
two compounds, the three spectra become virtually iden- 
tical. Albeit that all Na2ACgo materials display the T-T' 
splitting, in the following we restrict our detailed NMR 
investigations to Na2CsCeo because of the absence of the 
complicating polymer phase and because the narrower 
lines allow a better resolution. 

Finally we comment on the weak satellite line 34 at 215 
ppm in the fee phase of Na2CsC6o [see Fig. 2(a)]. This 
line appears below 580 K and disappears at the fec-sc 
phase transition. Although intriguing it is, the fee satel- 
lite line seems to be unrelated to the T-T' splitting in 
the orientationally ordered phase as it is absent in the 
other two Na2ACgo compounds. 

The temperature dependence of the first moment of 
the spectrum is shown in Fig. 3. The positions of the T 
and T' lines are also indicated at low temperatures; here 
the first moment is the weighted average of the positions 
of the two lines with the corresponding spectral weights. 
At high temperature, the first moment is simply the po- 
sition of the single tetrahedral line. It is remarkable that 
no singularity appears in the first moment at the temper- 
ature of the line splitting. Based on this observation the 
possibility that the T' line originates from a segregated 
phase with different structure is very unlikely. 

As a more direct probe to exclude phase separation, 
T-T' SEDOR experiments 38 have also been performed. 
By the SEDOR technique one can probe if two species of 



nuclei, a and /?, are spatially close to each other making 
use of the strong distance dependence of magnetic dipolar 
coupling between the nuclei. In the experiment the spin- 
echo of the a nuclei is measured with a7r/2 — r — tt 
pulse sequence under two different conditions: In one 
case a tt pulse at the resonant frequency of the (3 nuclei 
is applied simultaneously with the tt pulse of the spin- 
echo sequence. In the other case the (3 nuclei are not 
excited. Since the excitation of the (3 nuclei influences 
the echo signal via the dipolar interaction between the a 
and /3 nuclei, the difference between the two echo signals 
is a measure of the strength of dipolar coupling between 
them. 

To quantify the effect the so-called SEDOR fraction 39 
SF is introduced with the following definition 



SF = 1 - 



I(f3 on) 
iffi off) 



(1) 



where I(j3 on) and I((3 off) are the spin-echo intensities 
with the excitation to the f3 nuclei on and off, respec- 
tively. Maximal echo suppression gives SF = 1 while 
SF = means no measurable dipolar coupling between 
the two species. 

Figure 4 demonstrates the SEDOR effect between the 
T and T' lines. In these experiments the a nuclei were the 
T, and the T' nuclei were the /3 nuclei, and vice versa. 31 
Since both the a and j3 nuclei are 23 Na and the split- 
ting in frequency is small, it was difficult to achieve good 
selective excitation of the two lines. For such an excita- 
tion we used low-amplitude radiofrequency pulses with 
typical 7r/2 length of 150 /is. The interpulse delay was 
5 ms, much longer than the 7r/2 length. The a frequency 
f a was kept at the frequency of one of the T lines while 
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FIG. 5: (color online) T' spectral weight (squares, left scale) 
together with the 13 C NMR line width (circles, right scale) as 
a function of temperature. 



FIG. 6: (color online) Temperature dependence of the 23 Na 
NMR spin-spin relaxation rate in Na2CsC60- The squares and 
circles represent the T and T' lines, respectively. The solid 
line is a fit described in the text. 



the j3 frequency fp was swept with small increments in 
frequency through the spectrum. For f a w fp the expec- 
tation is SF ss 1. In the absence of dipolar interaction 
between the two species, SF « is expected if fp is far 
from f a . However, a marked increase of the SEDOR 
fraction is observed in the experiments whenever fp is 
the frequency of the other tetrahedral line. This effect 
indicates that the T and T' species are strongly coupled, 
i.e., they are mixed on a microscopic scale. 

The intensity of the T' line increases fast with decreas- 
ing temperature (Fig. 5) and below about 120 K it sat- 
urates within experimental error at 29 ± 5% of the total 
intensity of the T and T' lines. The width of the 13 C 
NMR line is also shown in Fig. 5 to demonstrate the 
similar temperature dependence of the two quantities, 30 
just like in A3C60 salt with fee structure. 25,26 Since the 
broadening of the 13 C line signals the slowing down of 
molecular reorientations, this finding suggests that the 
splitting of the T line is related to fullerene molecular 
dynamics and orientational order. 

The temperature dependence of the spin-spin relax- 
ation rate I/T2 for both the T and T' lines is displayed 
in Figure 6. The main feature is a peak at 170 K, i.e., at 
the temperature of the line splitting. 31 Otherwise I/T2 
displays a weak temperature dependence without spe- 
cial features. The spin-spin relaxation rate of the T' line 
increases sharply when the line splitting temperature is 
approached from below. 

We are not aware of any earlier experiment in which 
the relaxation times of both the T and T' lines were 
measured separately. The fact that the T-T' splitting 
is well resolved in our Na2CsCeo sample makes this 
compound an ideal candidate for these investigations. 
The temperature-normalized spin-lattice relaxation rate 
1/(T\T) for both tetrahedral lines is displayed in Fig. 7. 
A characteristic feature is the bifurcation of the relax- 
ation rates with decreasing temperature. This bifurca- 
tion occurs, however, at about 125 K, i.e., at a tempera- 
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FIG. 7: (color online) Temperature-normalized 23 Na NMR 
spin-lattice relaxation rate l/(TiT) in Na2CsCeo as a func- 
tion of temperature, squares: T line; circles: T' line; triangles: 
fee phase. The inset is the 1/Ti as a function of inverse tem- 
perature. The solid lines are fits described in the text. 



ture much lower than the splitting of the spectrum line at 
170 K. The separation of the two temperatures indicates 
the absence of a sharp transition and points to a gradual 
crossover. 

Although l/(TiT) of 13 C and 133 Cs nuclei 40 is con- 
stant below about 80 K as expected for a metal with Ko- 
rringa relaxation, 1/(T\T) of the 23 Na nuclei is strongly 
temperature dependent down to the lowest investigated 
temperature, 10 K. We offer an explanation based on the 
librational motion of the Ceo molecules in the Discus- 
sion. The rapid increase of sodium 1/(T\T) in the high 
temperature range suggest a dominant relaxation chan- 
nel governed by thermal activation in this temperature 
range, a feature similar to most Cgo compounds. 
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IV. DISCUSSION 

After a brief description of the orientational ordering 
transition in Na2CsCeo in Section A, we turn our at- 
tention to the T-T' splitting. In Section B we propose 
that the T and T' sites originate from different Ceo ori- 
entational environments and put forward that site ex- 
change due to fullerene molecular reorientations leads to 
the merger of these lines at high temperature. In Sec- 
tion C we argue that the T and T' sites differ in the 
orientation of first neighbor Cgo molecules. Finally, in 
Section D we analyze the anomalous low-temperature be- 
havior of the Knight shift and spin-lattice relaxation rate. 



A. The fee— sc phase transition 

An fec-sc phase transition in Na2CsCeo at 299 K has 
been described by x-ray diffraction measurements 41 and 
found to be similar to the first order orientational or- 
dering transition in Ceo- This transition has also been 
observed with sodium NMR by Saito et aZ. 34 The dis- 
continuous change in the NMR frequency in our mea- 
surements and the coexistence of the lines characteristic 
of the two phases in the 295-K spectrum (Fig. 1) are in 
agreement with a first order transition. 

In the high-temperature fee phase the sodium ions sit 
at the center of the tetrahedron formed by the first- 
neighbor Ceo molecules. The site symmetry is cubic, the 
electric field gradient (EFG) tensor is zero, and there is 
no quadrupolar broadening of the NMR line. In con- 
trast, in the low-temperature sc phase the site symmetry 
lowers to C3, consequently the sodium ion moves out of 
the center of the tetrahedron along the threefold axis 
and uniaxial EFG develops. Indeed, the broadening of 
the NMR line is obvious below the transition temper- 
ature (see Fig. 1). The line shape is characteristic of 
the powder pattern of a ^ — > — i central transition of a 
nucleus of spin 1 = 3/2 under the influence of a uniax- 
ial EFG. From an analysis of the line shape, we infer a 
quadrupolar splitting parameter of vq = 540 ± 30 kHz in 
the low-temperature limit. This is still smaller than the 
680 ± 20 kHz measured in Na 2 C 60 (Ref. 42) where the 
sodium site symmetry is identical to that of Na2CsCeo in- 
dicating a smaller displacement of the sodium nuclei from 
the center of the tetrahedra in the latter compound. 

Although the 295-K phase transition in Na2CsCeo was 
observed in previous sodium NMR studies by Saito et 
a/., 34 the T-T' splitting was not detected in these exper- 
iments. The width of the T line they detected is larger 
than the frequency difference of the T and T' lines. The 
lower applied magnetic field may be responsible for this 
line broadening as the width of the central quadrupolar 
line is inversely proportional to the applied field. This 
holds also for the quadrupolar broadening due to lattice 
defects. 



B. Splitting of the tetrahedral line 

We have demonstrated that not only the disor- 
dered A3C60 compounds with fee structure exhibit T-T' 
splitting in the low-temperature orientationally ordered 
phase, but also the A 2 A'C6o compounds with sc struc- 
ture. Phcnomenologically the splitting is very similar in 
the two structures. One notable difference is that in the 
fee case the spectral weight of the T' line at low tem- 
peratures is about 10% whereas in the sc compounds we 
find a spectral weight of about 30%. In this section we 
address the origin of the T-T' splitting. 

1. Sodium site exchange due to reorientations of 
neighboring Cm molecules 

The similar temperature dependencies of the spectral 
weight of the T' line and the width of the 13 C line in 
Na2CsC6o suggest a role of fullerene rotational dynamics 
in the T-T' splitting. 30 One possible scenario 22,25 is that 
T and T' sites differ in the orientation of surrounding Ceo 
molecules relative to the sodium ion. In this section we 
show that all our NMR results are compatible with this 
picture. 

23 Na spectrum 

For a quantitative analysis of the influence of fullerene 
rotational dynamics on the 23 Na spectrum we have per- 
formed a line shape simulation. The idea is that as the 
Ceo molecules rotate, a T site becomes T' site and vice 
versa. 25 If this site exchange is fast enough, the two lines 
merge into a single line, a phenomenon called motional 
narrowing. We describe the process by the following 
model. 

From the measured low-temperature spectral weights 
of the two lines p\ = 0.71, p 2 = 1 — Pi = 0.29 where p\ 
and P2 are the probabilities that a given sodium nucleus 
contributes to the T or T' line, respectively. We have 
obtained these latter values by averaging the measured 
spectral weights of the two lines, displayed in Fig. 5, in 
the temperature range 10 to 120 K, and the errors repre- 
sent the scattering in the data. If the exchange rate from 
the T to the T' site is k\ 2 and k 2 i is the rate of the inverse 
process, than the equation of detailed balance reads 

Pik 12 =p 2 k 21 . (2) 
We assume a thermally activated exchange 

fci2 = /c exp(-£: a /fcBT) (3) 

where E a is the activation energy of the process, ko is the 
attempt rate, T is the temperature and /cb is the Boltz- 
mann constant. Following the treatment of site exchange 
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FIG. 8: (color online) Measured (left) and simulated (right) sodium NMR spectra of Na2CsC6o at several temperatures in the 
transition region. The simulation is based on the motional narrowing due to site exchange. 



in standard NMR texts, 38,43 one can write the combined 
line shape of the two lines as 



temperature dependences of various NMR properties are 
discussed in Section B.2. 



J( x = Pi [h 1 H + fc 2 i] +P2 [h 'H + fcia] 
Jf 1 (gj)I 2 ~ 1 (uj) - k 12 k 2 i 

Here and in the following subscripts 1 and 2 refer to the 
T and T' sites, respectively. K represents real part; 



Spin-spin relaxation 

The spin-spin relaxation rate I/T2 can also be de- 
scribed in the framework of site exchange. The relaxation 
rate of spins 7 = 3/2 can be written as 25,44 



1 



(5a) 



(t x 1 + fci 2 ) + i(u> - 5i) 

(t 2 + fc 2 i) + i{uj - 62) 

where 8\ and 62 are the angular Larmor frequencies, r-j - 
and t 2 X are Lorentzian broadening parameters, and i the 
imaginary unit. 

For simplicity the quadrupolar broadening of the T 
line is taken into account with an additional Gaussian 
broadening of 1.32 kHz. A good simultaneous fit is ob- 
tained to several spectra taken at different temperatures 
in the vicinity of the line splitting (Fig. 8) with the 
model parameters assumed to be independent of temper- 
ature. The best fit parameters are r-f 1 = 27T x 1.3 kHz, 



1 

T2 



1 

To 



Auj 2 m J(Aujm) 



27 
200 



Auj 2 q J(Aloq) 



1 



T 2 



(6) 



where the first two terms represent the contribution 
of local field fluctuations and T 2 cs i is a temperature- 
independent constant representing dipole-dipole and 
other temperature independent processes. J(Aujm) and 
J(Aujq) are the spectral amplitude densities of the mag- 
netic and quadrupolar fluctuations, respectively. For the 
density function we use a Lorentzian form 



J(x) 



2r 



1 + {xt) 2 



(7) 



where r is the correlation time of the fluctuations. We 



t 2 = 2n x 1.45 kHz, E a = 3000 ± 400 K (260 meV), take r = k 12 and assume again a thermally activated 



and fco = 5 x 10 10 s^ 1 . In this model the line splitting 
occurs when the exchange rate becomes slower than the 
frequency splitting of the lines, ki 2 < Ao>t-t'- The ac- 
tivation energies for the site exchange inferred from the 



site exchange. From the best fit of this model to the 
measured spin-spin relaxation rate of the T line we obtain 
E a = 2900 ± 200 K (250 meV), k = 2 x 10 11 s"\ Auj m 
= 2ttx 2500 s~\ and Aujq = 2ttx 500 s _1 . The local 
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field fluctuation amplitudes are in the order of the T-T' 
line splitting frequency indicating the consistency of the 
site-exchange approach. 

Spin-lattice relaxation 

The spin-lattice relaxation rate R = 1 /T\ is strongly 
temperature dependent in the whole range investigated. 
A common rate for the two tctrahcdral sites is observed 
above 125 K. In the high-temperature range above about 
210 K but below the sc-fcc phase transition the relaxation 
is well described by thermal activation 

i?HT = i?oCxp(-£ a /fc B T) (8) 

as expected for site exchange. From a fit to the relaxation 
rate between 210 K and 270 K, we infer an activation en- 
ergy E a = 3200±100 K (280 mcV) and a prefactor related 
to the attempt frequency i?o = 3 x 10 7 s _1 (see the inset 
of Fig. 7). In the sc-fcc phase transition the relaxation 
rate drops by a factor of 9 and decreases with increas- 
ing temperature above the transition. This behavior is 
seen at the orientational ordering transition in a variety 
of Ceo systems because in the high-temperature nearly 
free-rotation state the molecular reorientations are too 
fast to be efficient in causing spin-lattice relaxation and 
become less efficient with increasing temperature, i.e., 
faster rotation. 

Below about 210 K the temperature dependence of R 
is weaker than exponential. In our interpretation at this 
temperature the Korringa relaxation becomes dominant 
over the site exchange mechanism as discussed in more 
details below. 

It is a striking feature of the relaxation rate with far- 
reaching consequences that even below the temperature 
of line splitting (170 K) the spin-lattice relaxation rates 
of the T and T' sites continue to be identical down to 
125 K where the relaxation rate curves for the two sites 
bifurcate. The phenomenon is well understood 45 in the 
framework of the site exchange model. We propose that 
the line splitting temperature and the bifurcation tem- 
perature of R are different because of the different time 
scales involved. The fullerenc molecular reorientations 
become slow on the time scale of the inverse of the line 
splitting frequency but stay fast on the longer time scale 
of T\ down to the bifurcation temperature. To model the 
effect of site exchange on the spin-lattice relaxation rate 
we use the following rate equations: 

^ = -(R 1 +k 12 )M 1 +k 2 iM 2 (9) 

^ = -(R 2 + k 21 )M 2 + k 12 M 1 (10) 

where the M,'s are the longitudinal magnetizations of 
the respective sites and the R^s are the relaxation rates 



in the absence of site exchange. The fc^'s are the site 
exchange described by Eqs. (2) and (3). 

In the slow-exchange limit k\ 2 <Ci?i, R 2 Eqs. (9) and 
(10) reproduce the individual relaxation rates of the two 
sites without exchange, R\ and R 2 , whereas in the fast 
exchange limit k\ 2 ^> R 2 both sodium sites have a 
common relaxation rate R=p\R\+{l—p-\)R 2 where p\ is 
the spectral weight of component 1. To solve Eqs. (9)- 
(10), we use the following form for the relaxation rates: 

Ri = A X T + BT 3 + i? HT (11) 
R 2 = A 2 T + BT 3 + i?HT 

The first term describes the Korringa relaxation and 
the last term corresponds to molecular reorientations as 
discussed above. The origin of the anomalous T 3 term is 
discussed in Section IV D. As indicated in Fig. 7, a good 
fit to the measured relaxation rates is obtained with the 
following parameters: A\ = 2 x 10~ 5 s _1 K _1 , A 2 = 1.3 x 
10~ 3 s^K" 1 , B = 1.85 x 10- 5 s- 3 K-\ R = 3x 10 7 s" 1 , 
k = 1.5 x 10 12 s-\ and E a = 3450 ± 100 K. 



2. Dynamical crossover 

Several authors have proposed that the T-T' splitting 
may result from a phase transition or the separation of 
two phases. 26 Based on our NMR results, we argue in 
this section against these scenarios and propose that the 
origin of line splitting is a dynamical crossover. 

The most reliable test for phase separation is SEDOR. 
Just as in A3C60 systems of fee structure, a phase separa- 
tion at the temperature of the line splitting in Na2CsCgo 
is excluded on the basis of our 23 Na SEDOR results. 31 

An argument in favor of a phase transition at the split- 
ting temperature is the peak in the spin-spin relaxation 
rate at the splitting. A weak anomaly in the order of 
experimental error in the differential thermal analysis of 
K3C60 has also been reported. 26 As we demonstrate be- 
low, our NMR data in Na2CsC6o are inconsistent with a 
phase transition and highly suggestive of a gradual dy- 
namical crossover in the frequency of site exchange. The 
essential signature of a dynamical crossover is that char- 
acteristic features of the measured material properties 
occur at different temperatures depending on the char- 
acteristic time scale of the measurement. 

In our case the peak in 1/T 2 and the line splitting 
coincide whereas the splitting in 1/T\ occurs at a differ- 
ent temperature. However, the coincidence of the first 
two features is evident in the dynamical crossover pic- 
ture since the characteristic time is the inverse of the 
frequency splitting of the lines in both cases. Conversely, 
the splitting of the 1/T\ curves occurs at a markedly 
different temperature which is inconsistent with the 
phase transition scenario but consistent with a dynami- 
cal crossover as the characteristic time is T\ in this latter 
case. Another argument against a phase transition is the 
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TABLE I: Exchange parameters: Activation energies and attempt rates of the site exchange inferred from various experiments. 



Experiment 


Temperature 


Activation energy 


Attempt rate 




range (K) 


E a (K) 


fco (s" 1 ) 


Motional narrowing 


150-200 


3000 ± 400 


5 x 10 1U 


T 2 


125-225 


2900 ± 200 


2 x 10 11 


Ti 


125-299 


3450 ± 100 


1.5 x 10 12 


Inelastic neutron scattering" 


100-350 


3500 


3.9 x 10 12a 



"From Ref. 46; libron frequency is indicated in column 4. 



temperature dependence of the average line shift (Fig. 3); 
no anomaly in this quantity is observed at the line split- 
ting temperature. 

In the previous subsections we have shown that the 
temperature variation of T\ and T2 as well as the split- 
ting of the 23 Na line are well described assuming a 
temperature-activated site exchange between the T and 
T' sites. In Table I we summarize the activation en- 
ergies inferred from these various experiments together 
with the temperature range of data from which the ac- 
tivation energy has been obtained. The site exchange 
can be characterized with the same activation energy 
E a = 3300 ± 240 K in the whole temperature range 125 
to 300 K. The activation energy can also be estimated 
from the energy of the Cgo librational modes measured 
with inelastic neutron scattering. 46 ' 47 Assuming that the 
potential as a function of the angular deflection of the 
molecule is sinusoidal, an activation energy of 300 meV 
(3500 K) is obtained from the measured libron energy 
2.7 meV. This rough estimate agrees well with the NMR 
results. The attempt rate of the site exchange, fco in 
Eq. (3) is also indicated in Table I. Given the expo- 
nential temperature dependence, the values obtained for 
the prefactor from the different experiments agree very 
well with each other and with the measured libron fre- 
quency. The temperature-independent parameters of the 
site exchange are in agreement with the inelastic neu- 
tron scattering result of temperature-independent libron 
energy in the range of 100 to 300 K. 

C. Origin of line splitting in Na 2 AC 6 o 

There is little doubt that just below the fullerenc orien- 
tational ordering transition the narrow 13 C line and both 
the 13 C and 23 Na spin-lattice relaxation result from the 
rapid reorientation of the fullerene molecules. This phe- 
nomenon has been thoroughly analyzed in a broad range 
of Ceo compounds based of a wealth of experimental tech- 
niques. Since we observe a single activation energy for 
the 23 Na site exchange down to 125 K, it follows that the 
site exchange process is due to fullerene reorientation. 

Another argument is the concomitant 23 Na line split- 
ting and Ceo line broadening at 170 K. 30 This behavior 
also suggests that the 23 Na site exchange is the conse- 
quence of different fullerene oricntational environments of 
the T and T' sites. In the following we analyze quantita- 



tively how the NMR results can be explained by different 
fullerene oricntational environments. A similar approach 
has been applied to RbaCeo by Kraus et al. 29 

The orientation of fullerene molecules in Na2CsCgo has 
been studied with x-ray 41 and neutron diffraction 21 and 
found to be very similar to pure Ceo (Ref. 20). We re- 
call that in the orientationally ordered Pa3 structure the 
molecules are rotated away from the standard orientation 
by 98° around the threefold symmetry axis through the 
center of the molecule. The typical orientational defect 
corresponds to an angle of rotation of 38° around the 
same axis. The energy difference between these two ori- 
entations is very small, in the order of 10 meV (Ref. 19). 

The fraction of fullerene molecules in the majority 
orientation, ^95, is found in neutron scattering experi- 
ments to increase with decreasing temperature in agree- 
ment with thermodynamic expectations. In the T — > 
limit, however, pqs tends to about 0.88, i.e., a value 
different from 1. A similar situation is encountered in 
pure Ceo where a marked glass transition is observed at 
T « 90 K by neutron scattering 20 and thermodynami- 
cal measurements. 48 In Na2CsCgo P98 varies little below 
about 140 K without any sharp feature. 49 The success- 
ful description of our T\ data with the same activation 
energy as at higher temperatures suggests that the glass 
transition is below 125 K. 

Next we consider what local environments of the 
sodium atoms are formed by its 4 nearest neighbor 
fullerene molecules (see Fig. 9). We only consider the 
two frequent orientations. The sodium atom sits on the 
threefold symmetry axis of exactly one of its Cgo neigh- 
bors. This axis goes true the center of a Cgo hexagon 
in both orientations. The other three neighbors turn a 
C- C double bond towards the sodium atom in the ma- 
jority (98°) orientation and an off-centered pentagon in 
the minority (38°) orientation. The possible fullerene 
environments are listed in Table II. If we assume that 
the two orientations are spatially uncorrelated and use 
P98 = 0.88, the neutron diffraction result 21 in the low- 
temperature limit, the frequency of these configurations 
are readily calculated; the results are listed in Table II. 

The different local environments should result in differ- 
ent 23 Na NMR frequencies with spectral weights equal to 
the frequencies of the corresponding configurations. The 
frequencies of the two most frequent configurations, la- 
beled A and B in Table II, are p A = 0.69 and p B = 0.27. 
These values are very close to the measured NMR spec- 
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TABLE II: Calculated probabilities and second moments as well as building blocks of local fullerene configurations surrounding 
the tetrahedral site. 









Tetrahedral ions facing 


No. of Ceo's orientation 


Name 


Probability 


A 2 (ms~ 2 ) 


hexagons double bonds pentagons 


major minor 



A 
B 
C 
D 



0.689 
0.274 
0.036 
0.001 



0.1518 
0.1525 
0.1532 
0.1538 




0.08 



FIG. 9: (color online) Ceo local order around the tetrahedral 
interstices seen from Na + ions. If all neighboring fullerene 
molecules take the majority orientation, the sodium ion faces 
(a) one hexagon and (b) three double bonds. In case of all 
neighboring fullerene molecules are in the minority orienta- 
tion Na + faces (c) one hexagon and (d) three off-centered 
pentagons. 



tral weights of the T and T' lines in the low-temperature 
limit, 0.71 ± 0.05 and 0.29 ± 0.05, respectively. 

The remaining two configurations, C and D in Table II, 
carry a combined spectral weight of 5% and are easily 
missed in the NMR measurements with the resolution we 
have, especially if these lines are broad or overlap with 
the two observed lines. 



D. The influence of librations on Ti relaxation rates 

In this section we address the origin of the surprising 
T 3 term in the \/T\ relaxation rate (see Eq. (11) and 
Fig. 7). In the discussion of the spin-lattice relaxation 
we conclude that below about 200 K, the relaxation rate 
is governed by the local electronic susceptibility, rather 
than by molecular motion. In this situation the Korringa 
relation is expected to hold: 




0.00 



-100 



-50 
Line shift (ppm) 



50 



FIG. 10: (color online) l/(TiT) 1/2 s a function of line shift. 
The solid lines are best linear fits and the dotted lines are 
95% confidence bands. 



K = S 



1 



(12) 



where S is the temperature independent Korringa con- 
stant. Indeed, the behavior of the Knight shift is also 
anomalous. Clearly the Knight shift has a contribution 
linear in temperature, although signs of saturation are 
observable in the low-temperature limit. A linear contri- 
bution in the Knight shift implies the existence of a cubic 
term in the relaxation rate as seen in our experiments. 

To test the validity of the Korringa relation, in Fig. 10 
we plot 1/iTiT) 1 / 2 against K for both the T and T' lines 
together with the best linear fits. A linear dependence 
is well obeyed for the T line. Since the intensity of the 
T' line is smaller, the experimental errors are larger for 
this line both in the T\ and K data. By extrapolating 
the linear relation to 1/ '(TiT) 1 / 2 = 0, the zero point of 
the Knight shift, i.e., the chemical shift is obtained. The 
chemical shift for the T line is —76 ± 5 ppm. Because 
of the substantial experimental error in the T' data, the 
95% statistical confidence bands of the linear fit are also 
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included in the figure. The chemical shift for the T' line 
is —37 ppm with a 95% confidence interval of —87 to 
—20 ppm. 

From the slope of the linear fit we obtain the Kor- 
ringa constant S = (4.2 ± 0.5) x 10~ 7 sK and (9.3 ± 
1.5) x 10~ 7 sK for the T and T' lines, respectively. These 
values are extremely small compared to the theoretical 
value for the isotropic contact interaction between the 
nuclear and electronic spins, S — 3.8 x 10 -6 sK. This 
finding indicates that the anisotropic magnetic dipolc- 
dipole interaction dominates the coupling of the nuclear 
and electronic spins. Such a coupling can only arise from 
the interaction of the nuclei with the oriented carbon p z 
orbitals. 

Next we ask what may cause the temperature depen- 
dence of the 23 Na Knight shift. One straightforward 
possibility is the existence of strong electronic correla- 
tions. Electronic correlations may lead to a temperature- 
dependent enhancement of the electronic susceptibility 
However, the 13 C and 133 Cs relaxation rates, and, most 
importantly, the EPR susceptibility are all temperature 
independent 40 below 100 K. The same observation ex- 
cludes thermal expansion as the origin of the temper- 
ature dependent 23 Na relaxation rate. What can be 
then the low-lying excitation responsible for the anoma- 
lous Knight shift and relaxation rate? In Ceo com- 
pounds including Na2CsCeo there exists a low- lying op- 
tical mode involving the rigid librational motion of Ceo 
molecules. The energy of librons in Na2CsC6o is found 
to be hwo/ks = 31 K (2.7 mcV) by inelastic neutron 
scattering. 47 The result on the Korringa constant sug- 
gest that the exact orientation of the carbon p z orbitals 
has a strong influence on the 23 Na Knight shift. There- 
fore the librons may strongly influence the Knight shift. 
Up to second order in the angular excursion of the Ceo 
molecules, the Knight shift is written as 

K = K Q + Ki (A cos uj t) + 2K 2 (A 2 cos 2 u> t) = 

K + K 2 {A 2 ), (13) 

where Kq is the Knight shift in the absence of librons, 
uoq is the libron frequency, A is the libron amplitude, K\ 
and K 2 are coefficients that depend on the shape of the 
carbon orbitals as well as on the relative orientation of 
the Ceo molecules with respect to the sodium nucleus. A 
time average — indicated by angular brackets — has to be 
taken since ujq 3> wi. 

For k B T 3> fkoo, (A 2 ) oc T yielding a contribution 
to the Knight shift linear in T. For a stricter condi- 
tion on the lower bound of T-linear behavior, we take 
the Einstein model of lattice vibrations in which the 
temperature-dependent part of the amplitude square is 
given by 

(A 2 ) oc hw /[{cxp(hw /k B T) - 1)]. (14) 

(A 2 ) in this model is linear in T with good approximation 
down to luq/2 (15 K), i.e., to the lowest temperature we 



have investigated. This is demonstrated in Fig. 3 where 
a fit of the form 

K = K + K 2 hiu /k B /(cxp(hiu /k B T) - 1) (15) 

to the measured Knight shift is given. The fit parameters 
are K 2 = 0.17 x 10~ 6 K" 1 and 0.27 x 10~ 6 K" 1 for the 
T and T' lines, respectively. Since the local Ceo environ- 
ments are different at the T and T' sites, the different fit 
parameters for the two lines are natural. 

This interpretation is in agreement both with the 
anomalous value of the 23 Na Korringa constant and with 
the different temperature dependence of the 23 Na and 
13 C spin-lattice relaxation rates since the latter nucleus 
is expected to be much less sensitive to the angular ori- 
entation of the Ceo molecules because the conduction 
band is formed of carbon orbitals. Remarkably, there 
is a big jump in 23 Na 1/Ti at the orientational order- 
ing transition (see Fig. 7) while the jump is unresolved 
within experimental error in 13 C 1/Ti (Ref. 40). The 
jump in the 23 Na case is well understood with the as- 
sumption that the excess Knight shift is proportional to 
the mean-square libron amplitude. The difference be- 
tween the Knight shift in the fee phase and in the low 
temperature limit is 190 ppm, whereas the excess Knight 
shift acquired in the sc phase until the phase transition 
is reached is 60 ppm. If one considers a "Lindemann 
criterion of orientational melting," the c ited dat a corre- 
spond to a Lindemann constant cl = -\/60/190 = 0.56, 
a realistic number. The jump in the lattice constant at 
the phase transition, on the other hand, is only 25% of 
the increase acquired in the sc phase. Assuming that the 
excess Knight shift is the result of the increase in the 
DOS due to thermal expansion, the big jump as well as 
the different behaviour of the 13 C 1/Ti are difficult to 
interpret. 

Finally we note that a similarly strong temperature de- 
pendence of 39 K l/(TiT) has been observed in K 3 C6o of 
fee structure. 50 It remains to be seen if the phenomenon 
can be interpreted in terms of Ceo librations in this ma- 
terial of different orientational structure. 



V. SUMMARY 

We have demonstrated in a series of alkali-fulleridc 
superconductors of simple cubic structure, i.e. in 
Na 2 CsC 60 , Na 2 RbC 60 , and Na 2 KC 60 , that the NMR line 
associated with the alkali nucleus of tetrahedral co- 
ordination splits into two lines at low temperature. The 
analysis of the spectrum and SEDOR indicates that these 
two lines originate from the same phase. By measuring 
the temperature dependence of the 23 Na NMR spectrum, 
spin-lattice and spin-spin relaxation times in Na2CsCeo, 
there is clear evidence that the origin of the splitting of 
the NMR line is a dynamic two-site exchange. The ex- 
change rate is temperature activated in the temperature 
range 125 to 299 K with a single activation energy of 



12 



3300 K. This finding rules out the existence of a phase 
transition in the above temperature range. We propose 
that the two sites differ in the fullerenc orientational en- 
vironment. The different environment reflect the two dif- 
ferent Ceo orientations observed by neutron diffraction. 
We find that the Knight shift and l/(XiT) are temper- 
ature dependent down to 10 K. We interpret this result 
in terms of Cgo librational modes. 
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